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Spin pumping and anisotropic magnetoresistance voltages in magnetic bilayers:
Theory and experiment
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We investigate experimentally and theoretically the dc voltage generated in ferromagnetic and nonmagnetic
metal bilayers under ferromagnetic resonance. The voltage is given by a superposition of the contributions from
spin pumping (Vsp) and anisotropic magnetoresistance (Vaur). A theoretical model is presented that separately
determines Vsp and Vamr as a function of the applied static field intensity as well the in-plane angle. The model is
used to interpret a detailed set of data obtained in a series of Nig; Fe 9 /Pt samples excited by in-plane ferromagnetic
resonance. The results show excellent agreement between theory and the measured voltages as a function of the
Permalloy and Pt layer thicknesses. Our findings show that the quantitative separation of both effects is crucial
to the interpretation of experiments and the determination of the spin Hall angle and spin-diffusion length.
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I. INTRODUCTION

The unique properties of spin-polarized transport in mag-
netic nanostructures has led to the discovery of several
fascinating phenomena in recent years, ranging from the
giant magnetoresistance in metallic multilayers to current
driven magnetization dynamics in nanostructures.! The lat-
ter effect has received considerable attention recently and,
currently, there is a wealth of experimental data on the
dc current excitation of the magnetization precession with
microwave frequency and sound theoretical models for their
interpretation.””” A phenomenon, which in some aspects is
the inverse of this effect, is the generation of a dc voltage by
microwave spin pumping. As proposed by Brataas et al., a few
years ago,®? spin pumping occurs when a pure-spin current is
injected into a normal metal (NM) thin layer by an adjacent
ferromagnetic metal (FM) layer undergoing ferromagnetic
resonance (FMR). The precessing spins act as a peristaltic
pump, adiabatically injecting spins out of the FM layer into the
adjacent NM layer without charge transport. The spin current
through the NM layer generates a charge current along the
layer by means of the inverse spin Hall effect (ISHE).!”

The detection of a dc voltage in magnetic multilayers
and single films under FMR has recently been reported by
several groups.'%2° However, in all previous papers, the data
were interpreted by theoretical models that leave several
unresolved questions regarding the detailed origin of the
voltage generation mechanisms. One of the main problems
arises from the fact that the measured dc voltage is the
superposition of the spin-pumping dc voltage (Vsp) and
the anisotropic magnetoresistance voltage (Vamr). Thus, in
order to obtain precise values for Vsp, one must have a
correct theoretical model for Vaumg, in particular, regarding its
symmetry properties with respect to the applied static magnetic
field intensity H and the in-plane field angle. For example, in
Ref. 15, the rf current induced in the FM layer is assumed to
be 90° out of phase with the rf magnetization. This leads to a
VaMmr that has only an antisymmetric component in field scan,
so the values of Vgp extracted from the data are inaccurate.

In this paper, we describe an investigation of dc voltage
generated by FMR and show unequivocally that the Vamgr
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has both symmetric and antisymmetric components in field
scan, whereas Vgp has only a symmetric component. We also
show that in our experimental arrangement Vayg and Vsp have
different symmetries with respect to the in-plane field angle.
These two facts allow a precise separation between Vayr and
Vsp from the measured dc voltage. The theoretical model is
used to interpret detailed data for a series of Py(¢gm)/Pt(tnm)
bilayers and leads to excellent fits of theory to the measured
spin-pumping voltage as a function of the NM and FM layer
thicknesses. The quantitative separation of Vsp and Vamgr as
a function of both tgy and fyv 1s fundamental in order to
determine physical parameters such as spin Hall angle and
spin-diffusion length.

II. EXPERIMENT AND MODEL

Direct-current voltages, generated by FMR in FM metal
films and semiconductors, were investigated in the 1960s
and 1970s.21?? In those early experiments, the samples were
under the action of both electric and magnetic fields of
microwave radiation. In our experiments, the sample is placed
inside a microwave cavity in a nodal position of minimum rf
electric field and maximum rf magnetic field. This precaution
minimizes the generation of electric current by the rf electric
field. The samples are bilayers of Py(tpy)/NM(tnm), where
NM = Cu, Ag, Pd, and Pt, with thicknesses gy and iy in the
range of 1.7 to 40 nm deposited by magnetron sputtering on Si
substrate slabs with lateral dimensions 1.5 x 3.0 mm. By using
a shadow mask, the Py layer covers only the central part of the
NM layer surface, thus Ag electrodes can be attached to the
edges of the NM layer [Fig. 1(a)]. The samples, with two Cu
electrodes attached with silver paint, are introduced through a
small hole in the back wall of a rectangular microwave cavity
tuned in the T E o, mode at 8.6 GHz. With this configuration,
we can investigate the angular dependence of both the FMR
excited in the Py layer, and the dc voltage [ V(H)] that develops
along the NM layer. As shown in Fig. 1(b), the reference frame
x'-7 is fixed relative to the sample. In order to measure the
angular dependence of dc voltage, the sample is rotated in the
film plane varying the angle ¢y with respect to the laboratory

©2011 American Physical Society


http://dx.doi.org/10.1103/PhysRevB.83.144402

A. AZEVEDO et al.

FIG. 1. (Color online) (a) Sketch showing the Py/Pt bilayer and
the electrodes used to measure the dc voltage in the Pt layer along
the x" axis. (b) Reference frames utilized to define the equations as
described in the text. The angle ¢y changes as the sample is rotated
around the axis perpendicular to the plane of the sample.
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frame of reference and V(H) is measured along the X’ direction.
While the static field H points in the Z direction the rf magnetic
field is maintained along the X direction.

The main experimental observations are as follows: (i) V(H)
appears when the field value is near the resonance value H,,
given by the FMR equation for a film in-plane magnetized
w = y H'*(H, + 47 M)"/?, where o is the microwave
frequency, y is the gyromagnetic ratio, and 4w Mg is the
effective magnetization of the Py film (H, is large enough
in order to saturate the magnetization along the film plane).
(i) The voltage increases with the atomic number Z of the
normal metal with an approximately m Z> dependence, so it is
larger for Pt. This is why we focus on Py/Pt bilayers. (iii) As
shown in Fig. 2, the line shape of V(H) varies strongly with the
angle ¢ between the field H and the sample axis 7. Depending
on the angle, the line shape is a superposition of absorptive
and dispersive curves, as observed by several authors.'%!115.18
(iv) For a fixed in-plane angle, the amplitude of V exhibits
a linear dependence on the microwave incident power Pi.
(v) The amplitude and shape of V(H) also vary with the
thicknesses tpy and . The variation of the line shape of V(H)
with the angle ¢y is a result of the fact that it is given by the sum
of the two contributions, anisotropic magnetoresistance Vamgr
and spin pumping Vgp. These contributions have different
symmetries with respect to H, as shown in Ref. 15, and in
our experiment, also with respect to the angle ¢. The fit of
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FIG. 2. (Color online) Field scans dc voltage measured in Py(18.5 nm)/Pt(6.0 nm) for several values of the angle ¢, between the field H
and the sample axis x". For ¢p = 0°and 180°, the voltage is only due to the spin-pumping contribution.
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the theoretical models for Vamr(H,¢) and Vsp(H, ) to data
allows a very accurate determination of the two contributions.

The origin of Vamr(H,¢p) is actually the classical induction
effect due to the in-plane microwave magnetic field £ A (7) .
Assume M = Mg + m(t), where M, is the equilibrium
magnetization and m(¢) is the tf transverse component rotating
with frequency w with an elliptical trajectory due to the
strong demagnetization field. The classical induced current
1(t) = I, cos(wt), transverse to ﬁrf(t), flowing through the
FM layer produces the AMR voltage given by Vamr(?) =
(Ro + R4 cos?0(1)) (I(t)sin¢y). Here the term sin¢, was
introduced to take into account the component of I(f) along
the measurement direction £/, 6(¢) is the angle between the
local magnetization and the X" axis, and ¢(¢) is the in-plane
oscillation angle between magnetization and H, as illustrated
in Fig. 1(b). This is essential to obtain the dependence of AMR
on the in-plane angle observed in the experiments. We assume
that ¢(1) = ¢ cos(wt + @), where ¢ is the maximum in-plane
angle between the magnetization M and the field H and ¢ is
the phase angle between the rf magnetization and the rf current,
which is a function of H. By expanding the term cos? #(¢) and
observing that 6(¢) = /2 + ¢ + ¢(¢)and the magnetization
precession angle is very small, we obtain

Vamr(t) = [Ro + Ry sin® o + Rady sin(2¢o) cos(wt + ¢)]
x I cos(wt) sin ¢y. (1

By taking the time average of Vamgr(?), we obtain

(V(®) = (1/2)], Rx¢1 sin2¢q sin ¢y cos . @

By using ¢; = |m,|/My and expressing m, in terms of
h, with the known equations for the Polder susceptibility

tensor,'2% one can show that
RAILAXthf AHz COS @1
V, H, =
avr(H.po) oMy | (H—H)?+ AH2

(H — H,)AHsin ¢
(H—H,)> + AH?

where Axx = [V MO(Hr + 47TMeff)/VAH(2Hr + 47TMeff)]s
AH is the half-FMR linewidth related to the Gilbert damping
parameter « by AH = aw/y, and ¢; is the phase between
the rf current and the rf magnetization at the FMR condition
H = H,. Although the phase angle ¢, is a key parameter, it is
not easy to be directly measured as was shown by Guan et al.>*
Equation (3) shows that Vyur has two terms, one symmetric
and another antisymmetric, with respect to the resonance field
H,. The amplitudes of the two terms depend on the phase
angle ¢; and, only if it is 90°, will the contribution Vamr(H)
be antisymmetric relative to H,. Most importantly, with the
experimental arrangement in which X7, is in the film plane and
rotates with the static field, Vamr(H,¢) varies with angle
¢o as sin(2¢y) - sin(¢p) which, as will be shown, is an angle
dependence different from that of Vsp(H,¢p). As I}  hy,
the AMR contribution to the dc voltage is proportional to the
microwave power. It is also important to remember that, as the
out-of-plane magnetization component is small, the anomalous
Hall effect contribution to the dc voltage is negligible.

The spin-pumping voltage has its origin in two combined
processes, the spin-pumping mechanism proposed by Brataas,

] sin2¢g sin¢g, (3)
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Tserkovnyak, and co-workers,> and the ISHE identified
by Saitoh et al'® In Refs. 8 and 9, it is shown that
a precessing magnetization in a FM layer injects a pure
spin—gunent Qensity into the adjacent NM layer, given
by Js(y) = Js(0){sinh [(ty — y)/Aspl/sinh(ty/Asp)}. Due
to the spin diffusion and relaxation, it decays through the
NM layer with a spin-diffusion length Agsp. The spin-current
density at the FM/NM interface (y = 0) is given by
Js(0) = (hA, /4m)(i x diiv/dt), where il = m(t)/ Mo and A,
is the real part of the spin-pumping conductance.®? It has been
shown that, due to the spin-orbit interaction, the pure-spin
current Is gives rise to a charge current I, a phenomenon
identified as | ISHE.!° The charge current is transverse to IS and
is given by I = yH(e/h)Is x &, where yy is a dimensionless
coefficient representing the ISHE efficiency (named as the Hall
angle), o is the spin polarization, and e is the electron charge.
Note that /g and I, have dimensions of torque and charge/time,
respectively. The electric current /. flowing along the NM
layer produces a voltage along £’ given by I. R, where R is the
resistance of the layer between the two electrodes. Integrating
the current density through the cross section of the NM layer
by using Vsp = Ry f((fc(y,t)) - %"y da’, one obtains the dc
component of the spin-pumping voltage

A A, “my
Vsp(H,¢0) = VHZASD (ﬂ> Im (m"m))

oN 4 /) tamw Mg

X tanh(tNM/ZASD) Cos @, “4)

where w and oy are, respectively, the width and the conductiv-
ity of the NM layer. Using the Polder tensor?* to express m} and
my in terms of Ay and using A, = 4 My Vema'/yh (Ref. 8),
where Vev = tpmwemw is the volume of the FM layer and o’
is the additional damping caused by the spin pumping,®23-?
one obtains

Vep(H ) = _ewyphispa’ |:tFMwFM tanh(tNM/Z)\SD)i|
yhMooy INM
X Axx A [ AH? i|h2‘cos¢
xx{xy (H — Hr)2+AH2 of 05
@)

where A,z was defined
My/(2H, + 4w Megr)y AH.

The dependence of the spin-pumping voltage on the
thicknesses of the NM and FM layers is not as simple as it
appears in the first bracket of Eq. (3) because, for small tpy, the
damping is strongly dependent on the thicknesses. As is well
known,%?>-?7 the Gilbert damping parameter can be written as
o = ag + o', where «y is the intrinsic contribution and o’ is
the additional damping due to spin pumping given by®

in Eq. (3) and Ay =ow

,_ yhg" 1 1

= —_—. 6
47 M, [1+ (2«/8/3 tanh(tNM/)LSD))—l] em ©)

Here g™ is the interface spin-mixing conductance (in units
of €2/ h) and & = 74/ is the ratio of the spin-conserved to
spin-flip relaxation times. Using Eq. (4) and the expressions
for Axx and A,y , one obtains an equation for Vsp(H,¢) with a
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full dependence on the dimensions of the FM and NM layers,
as well as on various physical parameters,

eyursphiwrmy g
oy 4w
1 tanh(txu/2hsp)

) I:tNM [1+ (zmtanh(tNM/)»SD))l]]

1 (Hy + 47 Megr)

[0‘2 (2H, + 47TMeff)2:|
AH?

“(H—HY + AH?

Vsp (H, o) = —

cos ¢y. (7)

III. RESULTS AND DISCUSSION

Equations (3) and (7) show clearly the most relevant
features of Vamr(H,¢o) and Vsp(H,¢y): (i) Both contributions
exhibit a linear dependence on the incident microwave power
(proportional to h%), as observed in Ref. 11 and also confirmed
in this work. (ii) For a fixed in-plane angle ¢, Vamr (H,¢0) has
two components, one antisymmetric relative to H, and another
symmetric one, whereas Vsp(H,¢o) has only a symmetric com-
ponent. (iii) Most importantly, Vamr(H,¢0) and Vsp(H,¢o)
have different dependences on the in-plane magnetic-field
angle ¢. This feature allows us to obtain accurate values
for the three components of the dc voltage from the data for
V(H,p0) = Vamr(H,¢0) + Vsp(H, ). (iv) The dependence
of Vsp(H,¢p) on the thickness of the FM layer is determined
by the behavior of @ and 4w M., as discussed below.

In order to test the theoretical predictions of our model,
we have done systematic measurements of V(H) as a function
of ¢g in two series of Py(tpy)/Pt(tp,) bilayers, one with fixed
tnv = 10.2 nm and varying fgy in the range 640 nm and
another one with fixed fzy = 18.5 nm and varying #xy in the
range 240 nm. For each sample, the dc voltage was measured
in steps of 10° for the in-plane angle ¢o. As shown in Fig. 2, the
symmetry of V(H) changes drastically with the angle ¢,. For
¢o = 0, 180°, V(H) is perfectly symmetric relative to H,
because the only contribution to the dc voltage arises from
Vsp. On the other hand, V(H) is asymmetric at any other
angle because Vamr has both symmetric and antisymmetric
components. In order to extract the three components of the
dc voltage from data, we write

V(H,d0) = [Vl LCH) + Voue™ L'(H)] sin 26 sin ¢y
+Vsp L(H) cos ¢y, (®)

where L(H) = AH2/[(H — H,)? + AH?] is the symmetric
Lorentzian function, L'(H) = AH(H — H,)/[(H — H,)* +
AH?%is an antisymmetric function, and the three coefficients

V:K,{;,V:&ﬁ;ym and Vgp are the prefactors of Egs. (3) and

(7). Note that V™ /3% — _ tan ¢, Equation (8) can be
written as V(H,¢0) = ASym(Hv¢0) + BAntisym(Hs¢0)v so for
each angle ¢, we can obtain the symmetric and antisym-
metric contributions. This is illustrated in Fig. 3 for a fixed
¢o = 30°, where the measured line shape (open circles) is
adjusted to a symmetric (red line) plus an antisymmetric
function (blue line). Figures 4(a) and 4(b) show the data for
the angular dependence of Agyy, and Bapisym Obtained for

PHYSICAL REVIEW B 83, 144402 (2011)

o %=3

V(uV)

0.7 0.8 0.9 1.0
Magnetic Field (kOe)

ob
o

FIG. 3. (Color online) Measured dc voltage (open circles) ob-
tained for Py(18.5 nm)/Pt(6.0 nm) at ¢y = 30°. The asymmetric
green line is given by a superposition of symmetric (red line) and
antisymmetric (blue line) components.

Py(18.5 nm)/Pt(6 nm) and theoretical fits made with the
following equations:

Asym(H,po) = (V:K/;nﬁSiUZ% singg + Vspcos o) L(H)  (9)
and

Bantisym(H,$0) = VY™ sin 26 sin ¢ L'(H). (10)

By fitting the data to the equations (9) and (10), one can
obtain precise values for the three coefficients that determine
the contributions of Vamr(H,¢o) and Vsp(H, ) to V(H, o).
Using a microwave radiation with frequency 8.6 GHz and
power of 58 mW, corresponding to A, =~ 0.35 Oe in the
back wall of a rectangular cavity with Q = 2500, the coef-
ficients obtained for two bilayers of Py(18.5 nm)/Pt(fyv) were

VO = 4.4 uV, VIREY™ — 1.6 wV, and Vep = 5.2 uV for

v = 8 nm; and Vo = 5.0 uV, Vo™ =—3.1 uV, and

Ag,, (V)

BA ntisym (HV)

180 240 300 360

¢, (deg)

0 60 120

FIG. 4. (Color online) Angular dependence of data (symbols) and
theoretical fits (lines) for the (a) symmetric and (b) antisymmetric
Asym and Banisym components of the dc voltage obtained for
Py(18.5 nm)/Pt(6.0 nm). The red dashed line in (a) shows the best fit

. Sym . .
assuming V, g = 0, as explained in the text.
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FIG. 5. (Color online) (a) Dependence of the dc voltage line
shapes as a function of the incident microwave power for Py(18.5
nm)/Pt(6.0 nm) at ¢y = 0°. (b) Dependence of the symmetric and
antisymmetric Agyy, and Bapisym components of the dc voltage as a
function of microwave incident power. The solid lines are linear fits
to the data.

Vsp = 4.5 nV for tny = 16 nm. From these values, we find
¢; = 20.08° and 31.88° for {\y = 8 and 16 nm, respectively,
which demonstrate that the phase between the rf current and the
magnetization is quite different from the value of 90° assumed
in Ref. 15. The dashed red line of Fig. 4(a) shows the best fit

of the theory to data obtained by assuming V:K/ﬁ; = 0. The
poor fit demonstrates clearly that the symmetric component

7 T T T T
. t,= 10.2 nm
—~ 5 i
%
= 4}
A% 2
3L é 0012 F
E, 0.009
2t E
S 0.006 |
1+
0 10 20 30 40

th (nm)

FIG. 6. (Color online) Data (symbols) and theoretical fit (line) for
the spin-pumping voltage obtained in Py(#gy)/Pt(10.2 nm) varying tgy
from 6 to 40 nm. Inset shows the dependence of the Gilbert damping
parameter as a function of the FM layer thickness.
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FIG. 7. (Color online) Data (symbols) and theoretical fit (line) for
the spin-pumping voltage obtained in Py(18.5 nm)/Pt(txm) varying
tnu from 1.7 to 37 nm.

of the AMR voltage can not be assumed to be zero. Note
that the term that was found proportional to sin(¢g) sin(2¢g)
in Eq. (3) is unequivocally confirmed by the measurements
in our experimental configuration. In the configuration where
hys is perpendicular to the film plane, Vamr(H,¢o) has the
same angle dependence of Vsp(H,¢y), namely cos(¢y), so that
one cannot separate the two contributions from the measured
angle dependence. Figures 5(a) and 5(b) show the dependence
of the total voltage and the parameters Asym and Bangisym,
respectively, with the incident microwave power for Py(18.5
nm)/Pt(6 nm) at ¢y = 0°. The measured linear dependence
confirms the results predicted by Egs. (3) and (7).

A crucial test of the theory for the spin-pumping voltage
is provided by its comparison to data obtained in samples
with varying thicknesses of the FM and NM layers. The
symbols in Fig. 6 represent the measured Vsp for samples
with fixed fp; = 10.2 nm and varying tgy. The fast decrease in
Vsp with decreasing tgy is certainly due to the behavior of the
damping parameter produced by the spin-pumping mechanism
as well by the effective magnetization decreasing for thin Py
layer.®2?7 The inset in Fig. 6 shows data for the damping
parameter o measured by FMR for fixed #p; = 10.2 nm and
varying fgv. The solid line in the inset of Fig. 6 is the best
fit to the data using a = ag + (yhg't /4w Mytry), according
to Ref. 8. From this fit, we obtain, for the spin-mixing
conductance g™ = 2.4 x 10%cm™2, a value similar to that
obtained for Pt by other authors,®! and oy = 6.0 x 1073 for
the intrinsic damping. The solid line in Fig. 6 is a fit to the
Vsp(tpm) data obtained with Eq. (7) and the parameters given
below.

The data for Vsp(tp) obtained with fixed fpy = 18.5 nm,
shown by the symbols in Fig. 7, are interpreted with Eq. (7)
using for the additional damping «’given by Eq. (6) with
the following material parameters: 47 My = 11.5 kG, K =
2.0x 1073 Oe-cm, y = 1.76 x 107 (Oes)7!, g™V =2.4 x
10° em™2, g = 6.0 x 1073, op, = 2.42 x 10* Q! cm™!
(Ref. 15), and & = 0.1 & (a5pe X Z)*, where agipe = 1/137
and Z is the atomic number of Pt. From the best fit of
theory to data shown by the solid line in Fig. 7, we obtain
Asp = 3.7+ 0.2nm and yy = 0.08 £ 0.01. Note that the
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value for Agp is similar to that obtained for Pt by other
authors.”® Regarding the spin Hall angle yy, there is a wide
discrepancy in the values reported in the literature. While
the value measured here,yy = 0.08 & 0.01, is similar to that
reported in Refs. 28 and 29, it is much larger than the one
reported in Ref. 15. The authors of Ref. 15 reported a value of
yu = 0.0067 and later®° they refined their result for a value of
yn = 0.013. The huge variation reported by this group might
be explained by the fact that the symmetric component of
Vamr Was not properly considered.

In summary, we have shown that the dc voltage generated
in FM and NM bilayers under ferromagnetic resonance driven
by a microwave field has two components, one due to the
AMR and one due to spin pumping from the FM layer into

PHYSICAL REVIEW B 83, 144402 (2011)

the NM layer. The AMR component has two contributions,
one symmetric and one antisymmetric, in field scans relative
to the FMR field value, whereas the spin pumping has only a
symmetric component. Fit of theory to data of the dc voltage
as a function of the in-plane field angle allows an accurate
separation of the contributions arising from AMR and from
the spin pumping. The data for the dependence of the Vgp
on the thicknesses of the FM and NM layers are in excellent
agreement with theory.
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